The modification of the graphene spin structure is of interest for novel possibilities of application of graphene in spintronics. The most exciting of them demand not only high value of spin-orbit splitting of the graphene states, but non-Rashba behavior of the splitting and spatial modulation of the spin-orbit interaction. In this work we study the spin and electronic structure of graphene on Ir(111) with intercalated Pt monolayer. Pt interlayer does not change the 9.3 × 9.3 superlattice of graphene, while the spin structure of the Dirac cone becomes modified. It is shown that the Rashba splitting of the π state is reduced, while hybridization of the graphene and substrate states leads to a spin-dependent avoided-crossing effect near the Fermi level. Such a variation of spin-orbit interaction combined with the superlattice effects can induce a topological phase in graphene.
I. INTRODUCTION
Spin-dependent effects in nonmagnetic systems became very attractive for researchers in recent years. The most important breakthroughs in this field are Rashba systems [1] [2] [3] [4] and topological insulators [5] [6] [7] . Both are characterized by two-dimensional electronic states, which are spin polarized owing to the high magnitude of spin-orbit interaction (SOI). The unique spin structure allows one to use these systems in spintronics and quantum computing [8] [9] [10] .
Another low-dimensional material potentially applicable for spintronics is graphene, which has massless Dirac fermions and large spin relaxation length [11, 12] . Although graphene due to a small atomic number of carbon atoms has an extremely low value of intrinsic SOI, it was recently shown, that an interaction with the substrate can induce spin-dependent effects in graphene [13] [14] [15] . Hybridization of the graphene and substrate d states leads to the spin splitting of the Dirac conelike π state, with the value of splitting up to 100 meV. In graphene on Au/Ni(111) and on Ir(111) spin-dependent hybridization takes place in the regions far from the Dirac point and the Fermi level. Thus, the authors of Refs. [13, 14] attributed the spin splitting near the Dirac point to the Rashba effect. On the other hand, it has been theoretically predicted that spin-orbit coupling can induce a topological phase in graphene, similar to topological insulators [16] . However, Rashba splitting of the states does not open the gap in the Dirac cone, and is useless for this purpose. The topological gap in graphene can be opened when "intrinsic" SOI is higher than Rashba SOI. The term "intrinsic" SOI means that it can be described by additional terms in Hamiltonian, which is similar to atomic SOI [16, 17] .
Two mechanisms, which can create the spin-orbit gap in graphene with impurities were proposed by Weeks et al. [17] and Hu et al. [18] . The first is based on the interaction of graphene with heavy p adatoms. The authors revealed an enhanced "intrinsic" SOI and the formation of a quantum Spin Hall (QSH) phase in graphene with Tl or In impurities. The second method relies on the hybridization of the graphene states in the region of the Dirac point with the 5d impurity states near the Fermi level. Moreover, it was shown [19] that the intercalation of 5d metals underneath graphene can also induce an appearance of the spin-orbit gap and topological insulator phase. Recently, we had observed similar effects in graphene on Pt(111) [20] . This system is characterized by a spin-dependent avoided-crossing effect between the Pt 5d and graphene π states directly at the Fermi level. It has been shown that the spin-orbit gap is opened at the Dirac point and the spin structure near the Dirac point cannot be described by Rashba SOI.
The latest experimental results on a formation of the topological phase are related to graphene on Ir(111) with intercalated Pb islands [21] . The authors observed the appearance of quasi-Landau levels without an external magnetic field. Monolayer islands of Pb induce a strong and spatially modulated SOI in graphene, which acts as a pseudomagnetic field. Variation of the SOI in graphene is performed by a superstructure of Pb atoms, which generates spin-dependent superlattice potential. At the edges of the regions the SO coupling varies and in-plane spin-polarized topologically protected modes are expected.
Graphene on Ir(111) is a well-studied system with a weak interaction with the substrate [22] [23] [24] [25] [26] . It is characterized by the 9.3 × 9.3 moiré superstructure, and geometrical corrugation which arises from the lattice mismatch of graphene with respect to the Ir(111). Such a superstructure leads to formation in the spectral function of graphene/Ir(111) of additional features, replicas, and minigaps [24] . It has been shown, that near theK point of the Brillouin zone (BZ) of graphene, in the region of the bulk band gap of Ir(111), the π state is spin split, with the Rashba behavior and the value of the splitting of 50 meV [14] .
In this work we analyze the electronic and spin structure of graphene on Ir(111) with an intercalated monolayer of Pt. Since the Pt 5d states are localized near the Fermi level, their spin-dependent hybridization with the π state of graphene is expected near the Dirac point. This effect can lead to a significantly higher SOI variation in graphene, and as a consequence, more effective generation of a topological phase.
II. EXPERIMENTAL AND COMPUTATIONAL DETAILS
The experiments were carried out at Helmholtz-Zentrum Berlin (BESSY II) at the UE112-SGM and U125/2-SGM beamlines and in Research Resource Center of Saint Petersburg State University "Physical methods of surface investigation" with a Scienta R4000 energy analyzer. The spin-resolved photoemission spectra were measured using a Mott spin detector operated at 26 keV. The total energy resolution during experiments was 50 meV. The spin angleresolved photoemission spectroscopy (ARPES) measurements were carried out with the angular resolution of 1
• , which corresponds to a momentum resolution of 0.07Å −1 at a photon energy of 62 eV. The measurable spin splitting is not limited by the energy resolution, but rather by the acquired statistics. Our estimations of the splitting between the resolved features in photoemission spectra were derived from the fitting of the spectrum features and from the procedures, described in Ref. [14] . The spin asymmetry can be calculated as
where N L and N R are the number of electrons counted in the detectors. The background offsets were obtained by the measuring of a reference magnetic sample upon reversal inplane magnetization. The resulting asymmetry yields the spinresolved intensity spectra
where I s = N L + N R and S is a so-called Sherman function.
A clean surface of Ir(111) was prepared by a well-known procedure, including ion sputtering followed by annealing at 900
• C in an oxygen atmosphere at a partial pressure of 10 −7 mbar with subsequent flash-annealing up to 1400
• C. The crystalline order and purity of the surface were verified by lowenergy electron diffraction (LEED) and x-ray photoemission spectroscopy (XPS). The graphene monolayer was synthesized on Ir(111) by cracking of the propylene (C 3 H 6 ) at a pressure of 2 × 10 −7 mbar. Intercalation of Pt was achieved by deposition of a nominal monolayer coverage of Pt on graphene followed by brief annealing at 700
• C. Density functional theory (DFT) calculations of the electronic structure and spin polarization of a Pt monolayer on Ir(111) were performed using the VASP code [27, 28] , following the projector-augmented wave (PAW) method [29, 30] and generalized gradient approximation (GGA-PBE) [31] for the exchange-correlation energy. The spin-SOI is described within the second variation method [32] . The calculations were performed in a slab geometry: the Ir(111) substrate is modeled by an 18-layer film, with one side clean and the other covered with a Pt monolayer in the 1 × 1 structure.
III. RESULTS
For characterization of the crystal structure of the system graphene/Ir(111) with intercalated atoms of Pt LEED and XPS measurements were carried out. Figure 1 spectra) and after (lower spectra) intercalation of Pt. Data were taken at a photon energy of 1486.6 eV. It is seen, that before Pt intercalation, the Ir 4f line consists of two components, derived from bulk (B) and interface layer (S). These features are in agreement with previous studies of the graphene/Ir(111) system [22] . After Pt deposition and annealing of the system [lower part in Fig. 1(a) ], the interface components of the Ir 4f spectrum disappear, testifying to the formation of a uniform Pt monolayer between the graphene and Ir(111) substrate. Furthermore, a slight shift of 0.1 eV of C 1s peak to lower binding energy (BE) is observed what can be the result of the charge transfer between the graphene monolayer and the Pt/Ir(111) substrate.
The intercalation of Pt atoms underneath graphene can be confirmed by comparison of the relations between the intensities of the C 1s and Pt 4f peaks in the photoemission spectra taken at various emission angles [see inset in Fig. 1(b) ]. The intensity of the C 1s line is enhanced at grazing angles much higher compared to the Pt 4f spectrum, as shown in Fig. 1(b) . Hence, the Pt film is covered with a carbon layer. A detailed quantitative analysis, based on different depths of probing for various emission angles, gives the value of a nearly full monolayer of Pt atoms intercalated underneath graphene.
LEED patterns for pristine graphene on Ir(111) and after intercalation of the Pt monolayer, taken at E p = 92 eV are presented in Figs. 1(e) and 1(f), correspondingly. As one can see, intercalation of the Pt monolayer does not change the 9.3 × 9.3 superstructure, observed for the MG/Ir(111) [24] . It means that intercalated atoms of Pt repeat the substrate lattice, forming a uniform monolayer, with an Ir(111) unit vector. Thus, the system MG/Pt/Ir(111) can be presented as a Pt monolayer on the Ir(111) surface with the 1 × 1 structure, and graphene on top of Pt/Ir(111) with the 9.3 × 9.3 superstructure.
Let us turn to an analysis of the electronic structure of the system. It is well known that graphene is characterized [24] , are visible at the BE of around 0.7 eV. After intercalation of a Pt monolayer underneath graphene [ Fig. 1(d) ] a quasifreestanding character of the π state dispersion is preserved. Meanwhile, the Dirac point shifts approximately to 0.2 eV above the Fermi level. This value is in accordance with the Dirac point position for graphene on Pt(111) [20] . Moreover, one can see that after intercalation of a Pt monolayer in the region of BE of 0.1-0.3 eV additional states are visible, and local deviations from linear character of π state dispersion take place. These features are related to Ir(111) surface states modified by a Pt monolayer and are better resolved at another geometry of experiment, discussed below.
Figures 2(a) and 2(b) represent experimental dispersion relations of the electronic states of MG/Pt/Ir(111) in the¯ K direction taken at different photon energies. It is seen that at a photon energy of 62 eV [ Fig. 2(a) ] states of graphene are dominant in the photoemission spectra, due to corresponding matrix elements. With increasing of the photon energy the substraterelated states become more intensive, and at hν = 72 eV [ Fig. 2(b) ] the π state of graphene is seen as a relatively weak feature.
As one can see from Fig. 2(a) , electronic structure of the MG/Pt/Ir(111) system is characterized by the pronounced branch of the π state of graphene, which has the binding Besides the graphene-derived features, the electronic states related to the Ir(111) substrate are also visible in the ARPES spectra of MG/Pt/Ir(111). Several branches of bulk Ir 5d states are pronounced in the region of 0-6 eV. Crossing of the spin-polarized Ir 5d branches with the π state of graphene in the region of the BE of 3 eV leads to hybridization and corresponding avoided crossing effect of this state. The same effects were observed for the MG/Ir(111) [14] . The authors showed that such structure results in spin-orbit splitting of the π states. Our MG/Pt/Ir(111) system is expected to show a similar spin structure of the π state. However, some features in the electronic structure near theK point of the graphene BZ are different from that in MG/Ir(111) system. Theoretical calculations of the 9.3 × 9.3 superstructure are computationally complex, thus for analysis of the modifications of the system after intercalation of Pt we calculated the DFT band structure without graphene. In Fig. 2(c) one can see that a Pt monolayer on top of Ir(111) changes the electronic structure in comparison with clean Ir(111) (see, for example, Ref. [35] ). In the region of k = 1.2−2.0Å −1 near the Fermi level the bulk electronic structure of Ir(111) has a local gap. In Fig. 2 (b) this gap is marked by a red dashed line. The surface states of Ir(111) localize near the lower border of the gap. In Fig. 2 (c) these states are seen as thin black lines without symbols, because they are localized on the Pt-free surface of the slab. The addition of a monolayer of Pt leads to their mixing with the 5d states of Pt and shifting to lower BE. Indeed, in Fig. 2(a) one can clearly see the branches of the interface states, marked as "I" located inside an Ir(111) energy gap. Theoretical calculations of the band structure of the Pt/Ir(111) system in Fig. 2(c) predict the BE of these states of 0.4 and 0.5 eV at theK point of BZ of Ir(111). However, in ARPES spectra of MG/Pt/Ir(111) the "I" state has BE in the region of 0.3-0.4 eV. This shift can be explained by their hybridization with the π state of graphene. For proving this statement we calculated the DFT band structure of hypothetical graphene on Pt/Ir(111) with 1 × 1 structure (with enlarged graphene lattice constant). Results are presented in the Supplemental Material [36] and actually show a shift of the interface states to the lower BE when graphene is atop Pt/Ir(111). Moreover, such a hybridization can lead to a spin-dependent avoided-crossing effect, and corresponding modifications of the spin structure of the π state of graphene.
In order to analyze the spin-dependent hybridization effects between the graphene and Pt-Ir interface states we carried out ARPES measurements with spin resolution. In Fig. 3 a set of spin-resolved spectra measured at different emission angles is shown. Far from the BZ edges, at k = 1.3Å −1 the π state of graphene reveals a hybridization gap, as a result of the avoided-crossing effect, similar to those in graphene on Ir(111) [14] . Additionally interface states "I" and replicated band "R" can be distinguished in the spin-resolved spectra at the BE of 0.6 and 1.1 eV, respectively. In the region of k = 1.3−1.5Å −1 the replicated branch reaches the BE of 0.9 eV, and with further increasing k the replica "R" crosses the main branch of the π state forming a corresponding minigap. Analyzing the spin-resolved spectra we can rather distinguish the spin polarization of the replicated band in the region before the crossing with the branch of the main graphene π states. The branches of the Pt-Ir interface states "I" are located at a BE of 0.3-0.4 eV almost without dispersion. The spin splitting of the main branch of the π state in this region is found to be about 20 meV. Near theK point of the BZ of graphene the intersection of the state "I" and the graphene π state is expected, but due to the hybridization these states do not cross, forming a local gap [see Fig. 4 ]. As a result of spin-dependent hybridization, the π state exhibits a pronounced spin splitting at the Fermi level. The value of the splitting is estimated to be 30 ± 5 meV. It is noteworthy that the value of splitting of the π state in the region beyond the crossing with the states "I" does not exceed 20 meV. Thus, graphene on Ir(111) with an intercalated monolayer of Pt is characterized by spin-orbit splitting of the π state, which depends on the position in the BZ. Furthermore, a pronounced spin polarization of the replicated band of the π state is observed.
IV. DISCUSSION
Intercalation of various materials underneath graphene on Ir(111) may induce many intriguing effects relevant to the electronic and spin structure of graphene. First of all, in Ref. [37] authors showed that intercalation of oxygen leads to decoupling of graphene from the substrate with the shift of the Dirac point by 0.57 eV above the Fermi level. On the other hand, Cu intercalated graphene on Ir(111) is characterized by a gap between the π and π * states, opened by lifting the sublattice symmetry due to hybridization of the Cu and graphene bands [38] . At the same time, the result of intercalation of cobalt is the formation of a magnetic moment in the graphene layer [39] . Finally, the most intriguing recent phenomena is a spatially varied SOI and QSH phase in graphene induced by intercalation of Pb islands [21] .
In accordance with a number of works [17] [18] [19] a QSH phase in graphene was predicted to be formed due to deposition of certain heavy adatoms on graphene induced by enhanced SO coupling strength. Moreover, it has been predicted that the topological phase can be developed in transition metals (Re [19] and Mn [40] ) intercalated graphene with formation of the increased SO gap due to orbital coupling between the graphene π states and transition metal d states. For the Pbintercalated graphene on Ir(111) [21] the most important factor for formation of the topological phase (and corresponding generation of a pseudomagnetic field resulting in the formation of Landau-like levels) was a spatial gradient of SOI along the surface formed by a c(4 × 2) superstructure.
It is interesting that for graphene on Ir(111) itself a formation of the SO gap and corresponding topological properties is not expected despite the formation of a (9.3 × 9.3) superstructure. In this case hybridization with the d states of Ir(111) takes place far from the region of the Dirac point, and Rashba SOI (Rashba splitting of the π state is around 50 meV) appears to be higher than "intrinsic" SOI. In the current work we try to modify the relation between Rashba and "intrinsic" SOI in graphene on Ir(111) by intercalation of a monolayer of Pt.
As we noted before, the main change in the electronic structure of the MG/Ir(111) system after intercalation of a Pt monolayer is the shifting of the spin-orbit split interface states towards the Fermi level. In the region of k far from the place of the intersection with these states, the π state of graphene has a spin splitting of about 20 meV. This value does not depend on k (in the region ascribed above), thus we can attribute it to the Rashba splitting. This decreased value of the spin-orbit splitting can be a result of the difference in the interface potential gradient for MG on Ir(111) with and without an intercalated Pt monolayer. Indeed, the position of the Dirac point for graphene on Pt/Ir(111) (around 0.2 eV above the Fermi level) is similar to that for graphene on bulk Pt(111) and can be explained by changing of the interface dipole and the corresponding charge transfer between graphene and the substrate relative to the MG/Ir(111). Charge transfer can modulate the asymmetry of the wave functions and, as a consequence, Rashba spin splitting of the states. Similar effects were observed in the Rashba states of topological insulators in Ref. [41] .
Meanwhile, spin-dependent hybridization of the interface states "I" with the π state near theK point of the BZ of graphene leads to an increase of the spin-orbit spiltting of the π state up to 30 meV. Moreover, since the graphene states mix with the 5d states the mechanism of the spin splitting at the Fermi level is no longer a simple Rashba SOI. Such hybridization may induce the appearance of the spin-orbit gap in the Dirac point. Note, that variation of SOI in MG/Pt/Ir(111) takes place without changes of the 9.3 × 9.3 superstructure. Thus, intercalation of Pt underneath graphene on Ir(111) can change the relation between Rashba and "intrinsic" SOI and may be used for realizing the topological phase in graphene. This mechanism is different from that proposed in Ref. [21] , where Pb atoms increase SOI in graphene by hybridization with the p states and enhanced potential gradient.
In the end we have to note other intriguing and important problems. The spin-resolved measurements of the replicated π states of graphene on Ir(111) are quite difficult due to localization of the surface states of Ir at the same region as replicas. After intercalation of a monolayer of Pt underneath graphene on Ir(111) surface states are shifted, and spin polarization of replica "R" become clearly visible. This effect appears as a complex interplay of SOI, superlattice, and photoemission processes and require further investigations.
V. CONCLUSIONS
We have presented an experimental and theoretical analysis of the electronic and spin structure of graphene on Ir(111) with intercalated monolayer of Pt. Modification of the interface gradient of potential leads to a decrease of the Rashba spin splitting of the π state in comparison with that for MG/Ir(111). Meanwhile, shifting of the spin-split interface states in the local gap of Ir(111) leads to a spin-dependent avoided-crossing effect near the Dirac point that results in an increase of the non-Rashba SOI in graphene. 
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